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" Experiments on a Two-Stage Air-Compressor." 
By JOIIN GOODJIAS, TVh.Sc., Assoc. M. Inst. C.E. 
EXHAUSTIVE trials of heat-motors are now universally recognized 
as  the only  methods of analyzing  the sources of loss in efficiency 
in  the conversion of heat into work. Similar methods applied to 
air-compressors also yield data of the greatest possible value; 
it is to a  description of such  tests, and of the methods of reducing 
the results, that  the following Paper is devoted. 
The compressor upon which the trials were made is of the 
horizontal  type, with a  stroke of 18 inches, the  air-cylinders  being 
arranged in  tandem with the 
steam-cylinders. The  latter  are 
each 10 inches in  diameter,  and 
are  fitted with Meyer variable- 
expansion slide-valves. The 
piston-rods are 1.875 inch in  
diameter, and  are carried 
through  the back covers to  the 
air-cylinder pistons. The  air- 
cylinders are arranged on the 
two-stage  principle, so that  the 
air is drawn  into  the low-pres- 
sure cylinder, 13.5 inches in 
diameter, and  is compressed - 
and delivered, through  an intercooler, with a  surface of 29 square 
feet, into the high-pressure cylinder, 9.25 inches in  diameter, 
where it i s  again compressed and delivered into  the mains. Each 
air-cylinder is water-jacketed in order to  carry off the heat 
evolved during the compression. The air is admitted into the 
cylinder, and delivered, through West-Jenkins valves. It enters 
the valve-box as shown by  the arrows, Fig. 1, and passes to  the 
cylinder by the mushroom inlet-valves, AA,  each of which is 
provided with two springs on the valve-stem. The lower one, 
F, tends to open the valve, while the upper one, E, being much 
Fig. 1. 
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stronger, tends, when free, to keep the valve to its seat. Just 
when the piston reaches the end of the compression-stroke, the 
cam, C, forces down the end of the lever, D, and compresses the 
closing  spring, E, thus relieving the valve of the downward 
pressure of the  spring.  The lower opening  spring, F, then 
opens the valve immediately the pressure  above it has  fallen 
to  that of the atmosphere, and  remains open until  the cam again 
lowers the lever, and allows the stronger closing spring to come 
into action, and brings the valve back to its seat just as the 
piston reaches the end of the stroke. The valve is thus forced 
wide open a t  once, and remains so without offering any appre- 
ciable resistance to the incoming air. The outlet valves, B B, 
are actuated in a  similar  manner.  The  function of the lower and 
weaker springs is to balance the  weight of the valves, and  thus 
allow  them to open with  the smallest possible difference of pressure 
on the  two sides. The function of the  upper  and  stronger  springs 
is to  bring  the valves smartly back to  their  seats  without  chatter 
or blow. 
The clearance in  the steam-cylinders amounted to 102 cubic 
inches, or 7 . 2  per cent. of the working volume, and to 138 cubic 
inches  and 65 cubic  inches,  or 5.4 per  cent. of the  working volume, 
in  the low- and high-pressure  air-cylinders  respectively. I n  order 
to  reduce the detrimental effects of clearance, the air-cylinders are 
provided with by-pass ” grooves at each end of the stroke, by 
means of which the high-pressure  air  entrapped in  the clearance 
space a t  each  end of the stroke is transferred to  the other  side of 
the piston, i.e., from  where it is a distinct evil-by preventing  the 
suction-valves from opening at  the commencement of the  return 
stroke-to where it is a gain, i.e., on the compressing side of the 
piston, thus  ensuring a larger volume of air  being  taken  in  and 
delivered. The equivalent clearance, allowing for the by-pass, is 
69 - 6 cubic inches, or 2 7 per cent. of the working volume. The 
volumetric efficiency is thereby increased, but, on the  other hand, 
there is a slight waste of power. The volume swept through by 
the low-pressure air-piston per stroke was 1.476 cubic foot, the 
volume of air  that should have been drawn  in,  allowing for the 
clearance and by-pass, being 1,452 cubic foot. 
For the purposes of this test, all the air delivered from the 
high-pressure cylinder was passed through a final cooler, with a 
surface of 10 square feet, consisting of rows of pipes placed in 
water, on its way to three large receivers, each with a volume 
of 148 cubic feet, for measuring the quantity of air delivered. 
Readings  were  taken  every  fifteen  minutes. Crosby indicators 
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were used at  each end of the air-cylinders, and Tabor indicators 
for the steam-cylinders. The speed was measured by a Schiiffer- 
Budenberg  counter. The  circulating  water from the  jackets, 
intercooler, and final cooler was  allowed to run into separate 
barrels, which were lifted by an overhead traveller and weighed 
at the end of the trial. The inlet and outlet temperatures were 
measured by thermometers placed in the flowing water. A wet- 
and dry-bulb hygrometer was placed close t o  the compressor to 
measure the  quantity of moisture in  the  air,  the  dry  bulb  furnishing 
the temperature of the air supplied to the compressor. Thermo- 
meters  passing  through stuffing-boxes were  placed with  their 
naked  bulbs in contact with  the  air  in  the pipes  between the low- 
pressure cylinder and the intercooler; in each of the passages 
leading from the intercooler to  each end of the high-pressure 
cylinder ; between the  high-pressure  cylinder  and  the  final cooler ; 
between the final cooler and  the receiver ; and  in  six places on the 
outside of the receivers, the  latter  being covered  over with cotton 
waste. The  latter were only used for special trials, in which  the 
readings  were  taken at  the  beginning  and end of the experiment. 
The volume of the pipes  between the compressor and receiver  was ' 
1-15 cubic foot, and  that of the pipes and connections  between the 
delivery-valves of the low-pressure  cylinder  and the suction-valves 
of the  high-pressure  cylinder,  including  the spaces at the  end of 
the cooler and the volume of the tubes of the intercooler, was 
3.01 cubic feet. The height of the barometer was taken at the 
beginning  and end of the  trial. 
Two series of experiments  were made to  ascertain  the  volumetric 
efficiency of the compressor, i.e., the  ratio of the volume of the  air 
actually delivered to the volume displaced by the low-pressure 
air-piston. In  the  first,  the compressor delivered the  air  into one 
of the  three receivers, at  a  constant  pressure of 60 lbs. per  square 
inch above the atmosphere, from which it was kept blowing off 
through  an  outlet-valve  into  the atmosphere, the second and  third 
receivers being at  atmospheric pressure at  the beginning of the 
test. At a given  signal  the outlet-valve  was closed, and  the 
air escaping from the first receiver was shunted into the second 
and  third receivers, and  the  number of strokes made by  the com- 
presgor while it was raising  the pressure up  to 60 lbs. per  square 
inch in these receivers was carefully noted. In  the second series 
the  three receivers  were at  atmospheric  pressure at  the  start,  and 
the compressor discharged its air through an outlet-valve direct 
into  the atmosphere. At a  given  signal  the  outlet-valve was 
closed, and the air delivered into the three receivers until the 
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pressure had been raised to 60 lbs. per square inch above the 
atmosphere. The number of strokes made by  the compressor 
in thus raising the pressure was carefully noted as before. TWO 
experiments  were made in each series, and  agreed  almost  perfectly 
with one another, and with previous results obtained by Mr. 
Jenkins, manager of the Company, t o  whom the credit of this 
method of measuring the air is due. In  previous tests made by 
the Author the latter method had always been adopted. It was 
feared, however, that it gave’ unfair results in favour of the 
compressor, as leakage  past the valves  and  pistons  would be less 
at  the beginning of the  test,  when  the pressure  was low, than  at 
the  high pressure. The first  method  much  more  nearly  approaches 
the  exact conditions under  which  the  air  is  delivered in practice. 
During  the  trial  the pressure in  the receivers was kept at  60 lbs. 
per  square  inch, and  the  outlet-valve  discharged  into a long  length 
of 68-inch piping, at the end of which a 6-inch Davis anemo- 
meter was placed to ascertain to what degree of accuracy they 
could be relied upon. The results of the tests are shown in  the 
Appendix. The area of the  pipe less the  area of the anemometer- 
dial  and case was 0 - 189 square foot. The following  results  were 
obtained :- 
Actual Volume 
passed. 
Cubic Feet. 
Volume by 
Anemometer. 
Cubic Feet. 
- - 
184.  . . . . . . .  181 
185. . . . . . . .  186 
164.  . . . . . . .  198 
2,250. . . . . . . .  2,142 
Just before ‘‘ by-passing ” occurs there is a volume of air 
= (V, + V,) at  the  pressurep,, Fig. 2, on the  pressure  side of the 
piston, and  there  is  a volume of 
Fig. 2. air = (V, - V, + VC) on the 
\ suction side of the piston at  the 
1 pressure pa, where V, is  the 
1 working volume of low-pressure 
: piston, 2,552 cubic inches, V, 
j the volume, 1 7  * 72 cubic inches, A,X, qxcd swept  by  the  piston between 
S &  : the end of its  stroke  and  when 
<...._....,................S .......... *... , 
.--.*---L* ___--___._-_______________ X _ _... ’ F- it closes “by-pass ” grooves (in 
this case the grooves project 
t inch beyond the piston when it is at the end of its stroke), 
V, the clearance volume, 138 cubic inches, p p  the atmospheric 
pressure (14.82 Ibs. per  square inch), and pl the  final pressure to 
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which  the  air  is compressed in  the low-pressure  cylinder, 36 .4  lbs. 
per  square inch. Then,  when ‘‘ by-passing ” occurs there  will be 
a volume (V, + 2 V,) at  a  pressure p ,  ; hence, by Boyle’s  law- 
P l ( v * + v , ) + P , ( V , - - v , + v , )   = P , ( v , + 2 v J  
but as the equivalent clearance, V,, produces the same effect as 
the  actual clearance  and ‘‘ by-pass ”- 
But  the suction-valves do not  begin  to  open  until  the pressure p3 
falls topa. Hence the piston must have swept through a volume 
V, after passing the by-pass grooves. Then- 
The suction-valves close immediately the piston uncovers the 
by-pass  grooves  towards the end of the  stroke.  Then, assum- 
ing  that  the valves open and close exactly at the right instant, 
the volume of air  drawn in by  the  piston a t  each  stroke  is 
V, = V, - 2 V,, - V,. Substituting the numerical value3 given, 
V, = 2,510 cubic inches, or 1.452 cubic foot. This volume V, is 
the maximum that can  possibly be drawn  into  the compressor. 
The  indicator cards  were  measured with  an Amsler  planimeter. 
The mechanical efficiency was  obtained from the ratio- 
I.HP. in  air cylinders 23-82  
I.HP. in steam  cylinders 29.37 X 100 = -= 81.1 per cent. 
The pressure in the air-receivers was measured with two new 
Schiiffer and Budenberg pressure-gauges. The mean ‘reading by 
the one was 60.85 lbs. per  square  inch,  and by  the  other 61.30 lbs. 
per  square  inch,  the mean of the  two  being 61 *08 lbs. per  square 
inch. The absolute pressure is 61-08 + 14.82  = 75.90 lbs. per 
square inch. 
In  a  perfect  air-compressor the  air would be drawn in at  atmo- 
spheric pressure, then  isothermally compressed to  the desired 
pressure, and finally delivered at the pressure in  the mains. I n  
such a case the compression would follow Boyle’s law, viz., that 
p v E constant,  and  the compression curve would be a hyperbola. 
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The work done in  foot-lbs. per  stroke in compressing and  deliver- 
ing  the  air would then be p- V, log, P 2, where p<, is the  atmospheric 
pressure in  lbs. per  square foot, V, the volume of air in cubic  feet 
drawn  into  the low-pressure  cylinder, and p1 the pressure in  the 
mains or receiver, also in  lbs. per square foot. From the results 
given above and  in  the Appendix, the isothermal work done per 
stroke is 14.82 X 144 X 1 - 4 5 2  X log, - 
7 5 . 9  
14 .82  
The work actually done  per  stroke was 
~ The I.HP. (air) X 33,000  23.82 X 33,000 
Number of strokes  made  per minute- 130 
The efficiency of the compression  process is, therefore, I X 100 
= 83.8  per  cent. 
P a  
= 5,067 foot-lbs. 
= 6,047 ft.-lbs. 
5 067 
6,047 
I f  no heating of the  air took  place during compression n. would 
equal 1, i.e., the process  would  be 
isothermal, and if none of the 
conducted away n would  be 1 e408 
for dry  air, i.e., the process would 
, .~ .................. -? be  adiabatic. The value of n 
Fig. 3. 
............ l.; .......... ., heat due to the compression were /=l.> 
, .  
.................. 
c . .  . .  
; ; Y  
tained from the slope of the  line , , I  
of the jacket cooling. It is ob- . .   LINE 
gives  a  measure of the efficiency 
: ATMOSPHERIC 
: I  
, . :  
K .......... l ; , ? ~ ~  ................... .....>,. 
Fig. 3, thus:- ,I' 
;* a b  in the logarithmic diagram, 
, .  I .  
log I< - logp  = n log U ;  ,' 
I' 
c 
S. 
9 
logp  + n log V = log K ;  
I' j p W" = R. The slope of the line 
A B for the low-pressure diagrams 
was 1.27, and 1.28 for the  high- 
indicator  diagrams  are  shown in 
first series of tests the 
delivered at constant 
the  two receivers (V?) being 
296 cubic  feet. Eight hundred  and  eighty-one  strokes were  made 
by the compressor, while  filling  the two receivers, the mean 
...... ........... 
, I .  i ,X j pressure  diagrams. Combined 
....... Fig. 4. 
............ ............... ................... pressure, the joint capacity of 
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temperature of the air in which (T,) was 529.4' absolute. The 
calculated temperature of air 
during  the t st  at the b ginning I Fig. 4. 
of the compression in the low- j 
pressure  cylinder  was 532 2" j 
absolute. The atmospheric pres- / 
sure (P,,) was 14-82 lbs. square ; 
inch ; and the final pressure in ~ 
the receivers (P,) was 7 4 . 8  lbs. ~ 
square  inch absolute. 
The volume of air delivered 
by compressor at  atmospheric --/-., 
pressure is V, N E, where N is ; 
the  number of strokes  made by .-C ___________.__.__________________ ~ _ _ _  
the compressor while filling the ' 
receivers, and E is  the  volumetric efficiency, i.e., 
Vol. of air delivered  per  stroke 
Working volume 
The volume of air  already in receivers is V,; and,  as - = a P V  T 
temperature, P, the-pressure, andT,  the  temperature  in  the receiver, - 
or T,P,,V,NE = P,V,T, - T,V,P,, a n d E  =--'S 
(on the  full  working vol.), or E, = 
V, (P T -PT,) 
PaVw NT, 
V, (P, %-Pa "1 (allowing  for 
P, V, N T, 
clearance  and by-pass). Substituting  the  numerical  values 
E = 91 * 7 per cent. and E, = 93 * 2 per  cent.,  the  results  hardly 
do justice to  the compressor, because the  air was  heated in 
entering  the low-pressure  cylinder ; hence the  temperature at  the 
beginning of the compression  should  be substituted for the T, in 
the  last expression, so that E = 9 2 . 8  and E, = 9 4 . 3  per cent. 
In the second series the air was delivered under a pressure 
varying between 0 to 60 lbs. per square inch above the atmo- 
sphere. The  joint  capacity of three receivers and connections 
between HP. cylinder and receivers was 445 * l 5  cubic feet. The 
volume  between the low- and  high-pressure  cylinders  was 3 cubic 
feet a t  a pressure of 3 6 . 4  lbs. per square inch, or, corrected for 
pressure, ~ 36*4 = 1 . 4 6  cubic foot. The volume of the  high- 
pressure  cylinder  was 0 . 7 1  cubic  foot; the  total  capacity reduced 
to a common pressure (V:) was thus 447.32 cubic feet. The 
74.8  
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compressor made thirteen hundred and two strokes while filling 
the  three receivers and connections ; the mean temperature of air 
in the receivers (Tll) was 534.3" absolute. The calculated tem- 
perature of air  during  test  at  the  beginning of the compression in 
the low-pressure  cylinder was 532.2" absolute. Substituting these 
numerical  values in  the equation  given  above E = 92 * 7 per  cent. 
and E, = 9 4 . 2  per cent., and  allowing for the  heating of the  air on 
entering  the low-pressure cylinder E = 93.8  and E, = 9 5 . 4  per 
cent. 
Adhering  to  the  notation  given above, the volume of air 
delivered  per I.HP. hour  when corrected for the  delivery 
(60 N V, E) 3 
temperature  was _ _ ~ -  ~ I.HP. . On substituting the numerical 
values  given in  the Appendix  the volume is 358-2  cubic  feet, or, if 
no allowance were  made for the volumetric efficiency of the com- 
pressor, as  is so often (but erroneously) done, 390.5 cubic  feet. 
According to  Glaisher the temperature of the dew-point  may  be 
obtained  by  multiplying  the difference between the temperatures of 
the  wet  and  dry  bulb  by a  constant  depending on the  temperature of 
the  air  at  the time of observation and  subtracting  the product thus 
obtained  from the last-named  temperature.  The  constant in thiscase 
is 1.8, hence the dew-point is 66.37 - (66.37 - 64.58) 1 . 8  = 62.07OF. 
The quantity of moisture in saturated air at different tempera- 
tures has already been given by Mr. Lightf0ot.l The percentage 
of moisture present in  saturated air at 62' F. is 1 18 lb. per 
100 Ibs. of dry  air.  There  are = 13.14  cubic  feet 
of air  per  lb. a t  62" F. ; therefore there  are ~ o'0118 = 0*000898 lbs. 
Tl 
12.387 X 523 
493 
1 3 - 1 4  
of moisture in  1 cubic foot a t  62" F., or 0.000898 X 534.34  
523 
= 0.00092 lbs. at  the  temperature of the  air  at  the beginning of 
compression in the low-pressure cylinder, and at  that temperature 
there are = 13.43  cubic feet of air per lb., or 
12.387 X 534.34 
493 
1 cubic foot weighs __ = 0 -07446 Ibs. ; hence the  total  weight 
of 1 cubic foot of the air and moisture = 0.07538 lbs., or there 
are ___ = 13.26  cubic feet per lb. of moist air. I n  1 lb. 
l 
13.43  
0.07538 
Proceedings of the Institution of Mechanical Engineers, 1881, p. 122. 
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of air there is 98.82 per cent. of air and 1 * 18 per cent. of 
moisture. The specific heat of water vapour is 0.48, and dry 
air 0.238. Hence the specific heat of the moist air is 0.9882 
X 0.238 + 0.0118 X 0 . 4 8  = 0.241. The number of thermal 
units  given  up  by  the  air to the  mater in  the intercooler 
= 1,177 X 43.27 = 50,930. The amount of air passed through 
the intercooler was 2,389 lbs. The fall of temperature of the air 
in  passing through the intercooler was 173 - 79.63 = 93.37. 
Hence the specific heat of the air was __ 503930' = 0.2283. 
2,389 X 93.37 
From  the final cooler the specific heat of the  air = ~- 15,660 
2,389 X 2 8 - 5 4  
= 0.2297. The compressor delivered 1 . 4 7 6 ~   0 . 9 1 7 = 1 * 3 5 4  cubic 
feet of moist air per stroke, or ~ = 0.1021 Ibs. per stroke. 1.354 13.26 
There were 65 X 2 X 60 X 3 = 23,400 strokes  made during  the  trial, 
hence the  weight of air compressed  was 23,400 X 0.1021 = 2,389 lbs. 
The  air, on  passing through  the inlet-valves, is heated  somewhat 
and expanded, and consequently the compressor does not take in  
the  full displacement of air calculated on the outside  temperature. 
This action partially accounts  for the difference between the  actual 
and  the calculated output of a compressor. A direct  measurement 
of the  temperature of the  air  at  the beginning of compression in  
the low-pressure  cylinder is impossible with present appliances. It 
can,  however, be  approximately  arrived at  by calculation from the 
known temperatare a t  which the air left the cylinder. It has 
been shown in works on thermodynamics that T, = T, (?J?, 
where T, is. the absolute temperature at  the beginning of the 
oompression process, when  the  pressure is P, and T, is the absolute 
temperature  when  the pressure is P,. Substituting  the  numerical 
values  from the Appendix, 
T, = 634 (K)@" 16.26 lTi? 
= 534.34 absolute. 
= 73.74" F. 
The  quantity of heat credited  to  radiation at first sight appears 
to be much larger  than it ought to be;  but when the amount of 
surface from which radiation takes place i s  considered, the loss 
does not appear abnormal. From a measurement of the radiation 
surface, and an estimate of the difference of temperature on both 
[THE INST. C.E. VOL. CXXYIII.] X 
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sides, the loss by  radiation  appears to be about  two  thermal  units 
per  hour  per  square foot of surface  per  degree difference in 
temperature.  The  stimate in  the present  instance  cannot be 
made with  any degree of accuracy,  and is therefore  omitted in  the 
above calculations. The experimental values of the specific heats 
are too low, also on account of the ra.diation losses. They are, 
however, of interest, as being one of the largest experiments on 
record  for experimentally  determining  the specific heat of air  at 
constant pressure. The experiments to determine the quantity of 
air delivered by the compressor are of special interest.  They 
show that even with almost perfect valve  arrangements  the com- 
pressor does not deliver its full volume; yet compressors with 
valves as bad as they can be are often credited with delivering 
their  full volume of air.  The  error of such an assumption  cannot 
be far  short of 25 per cent. or 30 per cent. 
Better  results as regards  the mechanical efficiency, and  the 
efficiency of the compression  process have been obtained, from 
similar  but  larger compressors. Such good results  cannot be 
expected  from a compressor of this size, however perfect, as from 
large compressors  such as those used in  the  Paris  installation. 
The  Author desires to acknowledge his indebtedness to Messrs. 
West  and  Jenkins for their courtesy on several occasions in placing 
compressors and air-motors at  his disposal for tests, and for pre- 
paring  the necessary  appliances. 
The Paper is accompanied by six drawings and a photograph, 
from  which the Figs. in the  text have been prepared. 
[APFEXDIX. 
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A P P E N D I X .  
RESULT OF TESTS. 
Length of trial . . . . . . . . .  3 hours. 
Mean speed . . . . . . . . . .  65 revs. per  minute. 
Indicated  HP.- 
Right-hand  steam  cylinder . . . .  15'23 
Left ,, 11 I ,  . . . .  14.14 
Total . . . . .  29.37 
Low-pressure air cylinder . . . . .  12.70 
High ,, ,, . . . . .  11.12 -
Total . . . . .  23.82 
Mechanical efficiency . . . . . . .  
Pressure in air-receiver above atmosphere . 
Height of barometer . . . . . . . .  
Pressure of atmosphere . . . . . . .  
Efficiency of compression process . . . .  ,, in air-receiver  (absolute) . . . .  
Values of n, P Vn low-pressure cylinder . . 
= constant }high ,, 
Volumetric efficiency- 
17 . - 
81.1 per cent. 
61.08 lbs. per square, inch. 
30 * 16 inches. 
14'82 lbs. per square  inch. 
83.8 per cent. 
75-90 9 ,  , p  9, 
1.27 
1 *28 
Cornpressor delivering air under const~nt] 91 .7 per 
pressure . . . . . . . .  
Compressor delivering air under varying} 92. 
pressure from 0 to 60 lbs.  per sq. inch 
Volume of air  actually delivered by 
hour at atmospheric  pressure . . 
9)  ,, 
measurement per (steam) I.HP. per 
Temperature of shop (dry bulb) . . .  66-37O F. 
Dew point  (according  to  Glaisher) . . 62.07O ,, 
Percentage of moisture in air by weight . 1.18 per cent. 
Specific heat of moist air  (calculated) . 0.241 
Specific heat of moist air by experiment- 
. . .  ,? ,, (wet bulb) 64.58O ,, 
From intercooler (neglecting radiation) 0-2283 
From final cooler ,, 9 ,  0.2297 
Volume of 1 lb. of moist air at atmos- 
culated) . . . . . . . .  pheric  pressure  and at 73.74O F. (cal- 
Weight of air (moist) delivered per stroke 0-1021 lbs. 
X 2  
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Weight of water passed through  jackets . 
,,  ,,  ,, intercooler . . 
f ,, ,, final cooler . . 
Rise of temperature of water from jackets 
,, ,, ,, intercooler 
, ,, ,, final cooler 
Weight of air compressed during  trial 
Temperature of air  in shop (by thermo- 
meter) . . . . . . . . .  i 
Temperature of air  at beginning of 
compression in low-pressure cylinder 
(calculated from known temperature 
at end of compression) . . . .  1 
Temperature of air on leaving lom-pres- 
sure  cylinder (by thermometer). . 1 
Temperature of air on leaving intercooler 
(by thermometer) . . . . . .  l 
Temperature of air on leaviug  high- 
pressure cylinder (by thermometer) 1 
Temperature of air on leaving final cooler 
(by thermometer) . . . . . .  1 
Difference of  temperature of air between 
suction and delivery (rise) . . .  I 
704 lbs. 
1,177 7, 
334 3 ,  
50.21' F. 
43.27O ,, 
46.900 ,) 
2,389 lbs. 
66.37' F. 
73-74' ,, 
173.0° ,, 
79-63' ,, 
182.0' ,, 
153.46' ,, 
87-09' ,, 
BALANCE SHEET OF HEAT QUANTITIES. 
Heat Received. I Heat Disposed of. 
B. T. U. 
Work done in air cylinders 
B. T. U. 
Water-jackets, 7 0 4 ~ 5 0 . 2 1  35,350 
23'82 33,000 . 50,930 ' Intercooler. 1 , 1 7 7 ~ 4 3 ' 2 7  183,300 772--~ 
Final cooler, 334 X 46.90 
Carried away by air, 
15,660 
Radiation from surfaces o 
water-jackets, intercool- 
31 ,220 era, cylinder-covere, and 
pipes, &c. (by difference) l 
183,300 183,300 
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